Abstract: This paper presents a novel circuit model of electrostatic discharge (ESD) generator for simulation program with integrated circuit emphasis (SPICE) simulation. Calculation and derivation of the waveform generated by the circuit model are demonstrated. The generated waveforms are fully in compliance with the specifications of the IEC 61000-4-2 and Human Metal Model (HMM) standards. Meanwhile, the comparison between simulation waveforms and real waveforms generated by an ESD gun is shown in this work. The ability of the proposed circuit model to predict the measured data is fully explored and clearly summarized.
Introduction
Failure caused by electrostatic discharge (ESD) is an important issue in the integrated circuit (IC) industry [1] . ESD events are divided into several models. For the component level, some common models are known as Human Body Model (HBM), Charge Device Model (CDM) and Machine Model (MM), and these models are widely used to characterize the ESD robustness of devices [2] . For the system level, the commonly used measurement method is IEC 61000-4-2 standard, and the system-level ESD test is aimed to address ESD robustness of electronic products. To address the ESD performance of IC products under a system-level stress, the ESD association proposed a new model named Human Metal Model (HMM) as the component level equivalent of the IEC 61000-4-2 [3, 4] .
Previous methods commonly generate the waveform with defectives, such as lacking of formula deduction. According to Ref [5] , analytic formula is necessary for a circuit model. Compared with the previous defective methods, this paper presents a novel circuit model, which uses simulation program with integrated circuit emphasis (SPICE) tool. This work provides the details of the circuit structure, process of formula deduction, simulation results and model verification.
Existing HMM Models
The HMM describes the ESD discharge caused by a human touching a pin of a grounded IC chip with a metal tool [9] . Fig. 1 is the simulation waveform which fully meets HMM standards. HMM waveform has double peaks [6] . Taking an ESD gun with initial 8kV state for example, the main parameters reflect in four aspects. The first peak represents the moment of contacting of a metal device and the pins of the integrated circuit. The first current peak is 30A±10% and the rising time is 0.8ns±25%. The second peak represents the process of electrostatic discharging through the human body. Compared to the first part, the second part of the waveform is gentler and the peak is lower. The current amplitude is 16A±30% at 30ns and 8A±30% at 60ns. Specifically, with the contact between the human body and the metal components, their voltages are equal. [7] [8] [9] . Mathematical models that use polynomials can get the perfect pulse waveform, but it may turn out errors when the device under test (DUT) has an obvious loading effect on the pulse [7] . Circuit models composed of lumped elements can accurately simulate HMM event in SPICE. As shown in Fig.  2(a) , a simple circuit model is used to produce the HMM stress waveform [8] . The overall stress waveform is the sum of the currents from two branches. And, a two stage model is also used to give the HMM stress waveform in Fig.2 (b) [9] . The human body is represented by the capacitor C 1 with an initial voltage of V HMM . Meanwhile, the metal is represented by the capacitor C 2 with an initial voltage of 0.6V HMM . However, according to the IEC61000-4-2 standard [6] , the voltages of the human body and the metal should be the same due to the connection between each other. In addition, for both of the traditional circuit models, the formula deduction and practical calculation steps are not given.
Fig.2. Traditional circuit models generating IEC61000-4-2 waveform

Proposed Circuit Model and Analysis
The proposed circuit model is shown in Fig. 3 . The discharge of the two capacitors C 1 and C 2 with 8kV initial voltage are superimposed to generate HMM waveform in the branch of R 5 (the value of R 5 is close to 0 Ω). In particular, the discharge of C 1 flows though C 3 generating displacement current I 1 (t), which is the first part of the HMM waveform, and the standards that need to meet are 0.8ns±25% rise time and 30A±10% peak. Similarly, the discharge of C 2 flowing though R 5 is current I 2 (t), which is the second part of the HMM waveform, and the standards are 16A±30% at 30ns and 8A±30% at 60ns.
Fig.3. The proposed SPICE circuit model
Firstly, we calculate the first branch current, I 1 . Because of the large resistance of R 3 , current flowing through R 3 can be ignored. At the same time, the value of R 5 is approximately equal to 0 Ω, so the circuit of the first part of the HMM waveform can be simplified as shown in Fig. 4(a) . According to Laplace transform, the transform result of the circuit changing from the time domain to the frequency domain is shown in Fig.4 (b) . I 1 on the frequency domain is
where R 2 -4L/C<0. According to the transform function
,
Substituting R=R 1 +R 4 =201Ω,
into Eq.(3), the result is 72.235sin
When t is 0.78ns, I 1 =30.239A. In addition, we can calculate the maximum value of I 1 (t) according to the total impedance R total of the proposed circuit model as shown in Fig.4 (b). Similarly, as shown in Fig.5 , the second branch current, I 2 , on the frequency domain is 2  2   2  2  2   2   2  2  2  2  2  2  2  2  2  2  2  2  2  2 2 2 / ( ) 1 
Substituting R 2 =330Ω, C 2 =150pF, L 2 =2.1µH and U 2 =8kV into Eq. (9), the result is 7 7 2.381 10 13.33 10 2 ( ) 34.783( )
When t are 30ns and 60ns, I 2 are equal to 16.42A and 8.34A, respectively. which meets IEC 61000-4-2 or HMM standard is shown in Fig. 1 . Compared with the real waveforms, the results in Fig.6 show that the waveforms of the simulation are consistent with the real waveforms generated by an ESD gun from 2kV to 30kV, and the picture of real waveforms is in Ref [10] . 
Model Verification
System-efficient ESD design (SEED) methodology is applied to validate the proposed circuit model. The core idea of SEED methodology is to build the circuit model for matching the measured data, and therefore practical test results can be predicted through the simulation with the built model [8] . The closer the simulation results are to the practical test results, the more accurate the circuit model is. As shown in Fig. 7 , Ref [8] gives a practical system-level network in which the model of ESD gun is based on the traditional model in Fig. 2(a) and the failure condition of the IC pin is 1.25 A for the second peak. The capacitance of the isolation impedance network can filter the first peak of the IEC waveform, so failure of the IC pin caused by the first peak is unnecessary to consider. As shown in Ref [8] , two sets of parameters of the isolation impedance networks Case 1 (C=15nF, R=16.9 Ω) and Case 2 (C=15nF, R=24.9 Ω) are brought into the system-level network to protect the same DUT from system-level ESD events. In addition, compared results between the simulation data of the system-level network with traditional model and the measured data are also given by Ref [8] .
When parameters of the traditional and proposed circuit models are changed, the rising time and current amplitude of the waveform are also changed. For the traditional circuit models, the degree of the change to the waveform can't be calculated due to lacking of the formula deduction, so it is not confirmed whether the changed waveform was still in compliance with the HMM standard. For the proposed circuit model, the degree of the change to the waveform can be calculated through formula deduction in this work, so it can be adjusted in the permitted range of the four aspects of the HMM standard. Using the proposed IEC model with appropriate adjustment of the parameters and system-level network in Fig. 7 , failure condition of the IC pin can be simulated as shown in Fig. 8 . The compared results among the simulation data (traditional and proposed IEC models) and the measured data (ESD gun) are listed in Table 1 . It is obvious that the proposed model is more accurate in terms of actual prediction, because the degree of the change to the waveform, which is caused by the change of the parameters of the proposed circuit model, can be calculated and adjusted in the permitted range. This paper presents a novel circuit model of an electrostatic discharge generator. Using physical formula, the waveform generated by the proposed circuit model is calculated and deduced strictly, and the results are fully conformed to IEC 61000-4-2 standard and the HMM waveform. Meanwhile, this paper uses the SPICE tool to perform simulations and the simulation waveforms are consistent with the real waveform generated by an ESD gun from 2kV to 30kV. At present there are many kinds of ESD guns, and the purpose of this work is not to make an ESD gun but to provide an accurate model for ESD designers, so that the model can accurately predict the measured data. Through the model validation, the novel proposed model with physical formula has much stronger ability to predict the measured data compared with the traditional model.
